We place Paleocene mammalian biozones in the Bighorn Basin into a refined geochronologic framework. These biozones are the primary basis for biostratigraphic correlation of middle and upper Paleocene continental deposits in North America. New paleomagnetic data provide synchronous tie points for correlation among three stratigraphic sections in the northern Bighorn Basin and to the GPTS. Paleomagnetic correlation, study of new fossil material, review of known faunas, and refined stratigraphy enable us to reevaluate several biozones. We define three new zones based on first occurrences of taxa: the Phenacolemur (Ti-4b), Probathyopsis (Ti-5a, revised), and Copecion (Cf-3, revised) zones. The Phenacolemur zone includes some faunas previously placed in the Plesiadapis churchilli and Plesiadapis fodinatus zones (Ti-4 and Ti-5a, respectively). The Probathyopsis zone replaces the P. fodinatus zone and the Copecion zone replaces the Phenacodus-Ectocion acme zone (Cf-3).
introduction
Continental sedimentary deposits in North America contain rich records of Paleogene faunas and floras (for example, Savage and Russell, 1983; Wing and others, 1995; Hartman and Roth, 1998; Wilf and others, 1998; Graham, 1999; Lofgren and others, 2004) . Placing these into a global geochronologic context, however, has long been hindered by difficulties in correlating continental strata to the marine sequences that are used to define series and stage boundaries. Consequently, many continental workers relied on fossil mammals for correlation and developed a biochronology 1 largely independent of the marine record (Wood and others, 1941) . In the last few decades, however, the ability to recognize paleomagnetic reversals in sedimentary rocks has provided nearly synchronous time-lines that allow the correlation of continental strata to the geomagnetic polarity time scale (GPTS) others, 1982, 1990; Cande and Kent, 1992, 1995; Agterberg, 2004; Luterbacher and others, 2004; Ogg and Smith, 2004) . In addition, radioisotopic ages from volcanogenic minerals have greatly facilitated the correlation of continental sedimentary strata to the GPTS and are the basis for its numerical calibration. In many instances, continental biostratigraphies can now be placed into a geochronologic context.
Until now, no radioisotopic data useful for GPTS calibration were available for the middle or upper Paleocene (Selandian and Thanetian, respectively: Luterbacher and others, 2004) . Recent revision of the Paleocene GPTS (GPTS-04, Ogg and Smith, 2004 ) relied on two constraints: a recalculated radioisotopic age of 65.5 Ma for the Cretaceous-Paleogene (K-P) boundary and new duration estimates for polarity chrons based on cyclicity attributed to orbital forcing in the marine sedimentary record (Herbert and others, 1995; others, 2001, 2003; Luterbacher and others, 2004) . Age estimates for Paleocene chron boundaries in GPTS-04 are all older than those in the previous GPTS (GPTS-95, Cande and Kent, 1992, 1995) .
In GPTS-95, Paleocene chron boundaries were calibrated by interpolating between radioisotopic anchor points of 65 Ma and 55 Ma for the K-P and PaleoceneEocene (P-E) boundaries, respectively, using a spline function. Subsequent normalization of 40 Ar/ 39 Ar ages for the K-P boundary to ages of 28.32 and 28.02 Ma for the Taylor Creek Rhyolite and Fish Canyon Tuff monitor standards, however, resulted in an older age of 65.51 Ϯ 0.1 Ma (Obradovich and Hicks, 1999; Hicks and others, 2002, pp. 42-43) . Additionally, in GPTS-95 the P-E boundary was considered to be approximately equivalent to the NP9-NP10 (marine nannoplankton zones) boundary in DSDP Hole 550, but is now placed at the beginning of a pronounced negative carbon isotope excursion (CIE) (Luterbacher and others, 2004) , which is slightly older and occurs in NP9 (see Wing and others, 2000, pp. 201-203 , for discussion of problems with radioisotopic ages near the P-E boundary).
In GPTS-04, Paleocene chrons and the P-E boundary were calibrated by the upward scaling of orbitally-tuned chron durations from a revised age of 65.5 Ma for the K-P boundary. This "stacking" of chron durations resulted in a revised age of 55.8 Ϯ 0.2 Ma for the P-E boundary, which is older than most previous estimates of 55.5 to 55.0 Ma (for example, Swisher and Knox, 1991; Cande and Kent, 1992, p. 13,934, 1995; Berggren and others, 1995, pp. 135-136; Gingerich, 2003, p. 467) . Because orbital tuning relies on a complete record of cycles, however, it provides minimum estimates of chron durations, and 55.8 Ma may best be viewed as a maximum age estimate for the P-E boundary.
1. "Biochronology" as used here refers to the organization of geologic time according to the process of organic evolution (Berggren and Van Couvering, 1978) , compared to biostratigraphy which is the characterization and correlation of strata on the basis of fossil content. Biochrons are often composites of regional faunas correlated on the basis of faunal content.
Discovery and age determination of a new volcanic ash in the northern Bighorn Basin of Wyoming provides the first radioisotopic calibration point for the middle or upper Paleocene from a stratigraphic sequence with known paleomagnetism (we call this ash the Belt Ash in honor of Edward S. Belt for his contributions to stratigraphy in the Rocky Mountain region). The Belt Ash occurs in the Polecat Bench sequence (figs. 1 and 2) 40 m stratigraphically below the base of polarity zone C26n, which is equated to the Selandian-Thanetian stage boundary in GPTS-04. The radioisotopic age of the others (1981, 1987) and in this study (Princeton Quarry section, upper left), projection of magnetic polarity zones, locations of measured sections used in figure 2, and location of the Belt Ash (UTM: 12T, E 677341, N 4969125, NAD 1927) . Fossils were collected along the margins of Polecat Bench, in Sand Coulee, and in Foster Gulch (not shown on map, see Appendix A). Top of polarity zone C25n on the west side of Polecat Bench estimated from stratigraphic thickness. Measured sections shown as thick solid lines and bed traces as short dashes; land-mammal age boundaries as long dashes; paleomagnetic sample sites connected by thin solid lines. Arrows point to outcrops containing the Belt Ash. UTM Coordinates in kilometers. Abbreviations: CIE ϭ carbon isotope excursion; Cf ϭ Clarkforkian; Pu ϭ Puercan; Ti ϭ Tiffanian; To ϭTorrejonian; Wa ϭ Wasatchian; open circle ϭ normal polarity site; solid circle ϭ reversed polarity site; diamond ϭ Tiffanian locality, cross ϭ Clarkforkian locality; Q. ϭ Quarry. fig. 1 ). Foster Gulch section is composite (see "Magnetostratigraphy" section of text). Meter levels relative to K-P boundary. Age scale in 0.1 myr intervals based on cubic spline interpolation between polarity zone Belt Ash is important for: (1) testing previous correlation of the Bighorn Basin magnetostratigraphic record to the GPTS by others (1981, 1987) ; (2) testing the revised age for the C26r-C26n Chron boundary in GPTS-04; and (3) for future age calibration of Chron C26n and the Selandian-Thanetian stage boundary in the GPTS.
Paleomagnetic samples were collected and analyzed from 49 discrete sites in two stratigraphic sections in the northern Bighorn Basin in areas or at levels that had not previously been sampled. These data were combined with data from previous paleomagnetic studies others, 1981, 1987) to correlate key fossil localities. The radioisotopic and magnetostratigraphic data presented here, along with new collections of mammal fossils, new studies of previous collections, and a revised lithostratigraphic framework, place biozones in the Bighorn Basin into a refined geochronologic context. These biozones have been used to subdivide the Tiffanian and Clarkforkian land-mammal ages and have been the basis for regional biostratigraphic correlation of middle and upper Paleocene strata (Gingerich, 1975 (Gingerich, , 1976 (Gingerich, , 1983a (Gingerich, , 2001 Rose, 1980 Rose, , 1981 Archibald and others, 1987; Gingerich and Clyde, 2001; Lofgren and others, 2004) .
Land-mammal ages 2 were first conceived as temporal units defined by faunal content and were only loosely tied to stratigraphic sections (Wood and others, 1941) . In recent years, however, there has been an effort to bring land-mammal ages into compliance with the North American Stratigraphic Code (NACSN, 1983 (NACSN, , 2005 and the International Stratigraphic Guide (ISSC, 1994) . The two land-mammal ages evaluated here differ in their degree of conformity to these codes. The Clarkforkian land-mammal age meets the criteria necessary to be a valid chronostratigraphic stage and geochronologic age (ISSC, 1994; NACSN, 2005) . Its stratigraphic limits and faunal content are rigorously defined in the Clarks Fork Basin, a sub-basin within the northern Bighorn Basin, which is the type area (Rose, 1980 (Rose, , 1981 Gingerich, 2001 ). The Tiffanian land-mammal age, however, cannot yet be viewed as a valid chronostratigraphic unit because neither its lower nor upper boundary occurs in the type area in southwestern Colorado (Lofgren and others, 2004, fig. 3 .2). The NACSN notes that both boundaries need not be in the same region, but certainly at least one should occur in the type area. The lower and upper boundaries of the Tiffanian are, however, stratigraphically well constrained in the Hanna Basin of central Wyoming (Higgins, 2003) and in the Bighorn Basin (Rose, 1980 (Rose, , 1981 Gingerich, 2001) , respectively. The Bighorn Basin contains the most complete continuous record of middle and late Tiffanian faunas known. Thus, the Polecat Bench sequence ( fig. 1 ) serves as an informal reference section for the Tiffanian. The work presented here places the middle and upper Tiffanian into a refined chronostratigraphic context and brings it closer to conformity with the stratigraphic codes.
2. We use a lower case "age" to indicate informal status; temporal references to land-mammal ages refer to relative age. boundaries calibrated to ). Note that intervals become longer up-section because of faster accumulation rates. All rocks shown are Fort Union Formation. "Base from WB" refers to instances where a biozone boundary was better constrained in the West Bench Section and correlated to the Southeast Bench section based on stratigraphic position. "Ash above road cut" is volcanic ash in which sanidine crystals were not found. Solid and dashed arrows show magnetostratigraphic and biostratigraphic tie points, respectively, between sections (see Appendix A). Magnetostratigraphy (except Princeton Quarry and Foster Gulch sections) adapted from others (1981, 1987) . Biozone symbols explained in figure 3. SC symbols denote University of Michigan vertebrate localities. Vertical bars show thickness of locality. Abbreviations: CC ϭ Chert Conglomerate; ML ϭ Mantua Lentil; RBQ ϭ Rock Bench Quarry beds; LMA ϭ land-mammal age; Clark ϭ Clarkforkian; Pu ϭ Puercan; Torr ϭ Torrejonian.
We use the Belt Ash to test revision of the Paleocene GPTS-04 by comparing the fit of its radioisotopic age to magnetostratigraphic age predictions using data from GPTS-04 and GPTS-95 (Cande and Kent, 1992, 1995) . We then present new paleomagnetic data that help to constrain the geochronologic ages of important fossil localities at Polecat Bench and in Foster Gulch, about 40 km to the southeast. We next present a revised biostratigraphy that includes the definition of three new biozones, two of which replace existing zones, and a reevaluation of several zone boundaries. We then use the ages of magnetic reversals and the CIE at the Paleocene-Eocene boundary to calibrate Paleocene biozone boundaries. Lastly, we discuss the Tiffanian and Clarkforkian land-mammal ages and suggest a revised, older age for Mason Pocket, the principal fauna from the type Tiffanian in southwestern Colorado.
abbreviations and symbols used in text AMNH ϭ American Museum of Natural History, New York, USA; Cf ϭ Clarkforkian biozone; DGPS ϭ Differential Global Positioning System; DSDP ϭ Deep Sea Drilling Project; FG ϭ University of Michigan Foster Gulch locality; GPTS ϭ Geomagnetic polarity time scale; ISSC ϭ International Subcommission on Stratigraphic Classification of the International Commission on Stratigraphy; K-P ϭ CretaceousPaleogene boundary; Ma ϭ mega annum; MSWD ‫؍‬ mean squared weighted deviation; myr ϭ million years; NACSN ϭ North American Commission on Stratigraphic Nomenclature; P-E ϭ Paleocene-Eocene; PETM ϭ Paleocene-Eocene boundary thermal maximum; RBQ ϭ Rock Bench Quarry; SC ϭ University of Michigan locality in Sand Coulee or Polecat Bench; TCs ϭ Taylor Creek Rhyolite sanidine standard crystals; Ti ϭ Tiffanian biozone; UM ϭ University of Michigan Museum of Paleontology, Michigan, USA; USNM ‫؍‬ Smithsonian Institution, National Museum of Natural History, D.C., USA; UTM ϭ Universal Transverse Mercator; VGP ϭ virtual geomagnetic pole; YPM-PU ϭ Yale Peabody Museum (Connecticut, USA) specimen collected by Princeton University; ϭ standard deviation.
lithostratigraphic framework

Lithologic Units
Stratigraphic sections from the southeastern and western sides of Polecat Bench, and Foster Gulch are shown in figure 2. Stratigraphic thicknesses in the lower 350 m of the Fort Union Formation on Polecat Bench were measured using a Differential Global Positioning System (DGPS) with an accuracy of about Ϯ1.0 m easting, Ϯ1.5 m northing, and 1 to 3 m elevation (see Gingerich, 2001, pp. 43-46 , for more detail). Thicknesses were calculated by tracing marker beds with the DGPS, using traces to calculate attitudes, and using attitudes and elevation to calculate thicknesses between marker beds and interspersed localities. This technique yielded an overall section thickness that was less than previous estimates (Gingerich, 2001; Secord, ms, 2004) . The greater thicknesses in previous estimates were probably due in part to not averaging dips between stations in a section in which dip generally decreases upsection. Composite thicknesses for strata above 350 m were based primarily on plane table, alidade, and Jacob staff measurements. Paleomagnetic sections measured by Butler and others (1981) on both sides of Polecat Bench were adapted to our sections using unpublished field data.
The Fort Union Formation (equivalent to the Polecat Bench Formation of Jepsen, 1940) and the overlying Willwood Formation both contain Paleocene strata in the northern Bighorn Basin. The following descriptions refer to the main stratigraphic sequence on the southeastern side of Polecat Bench ( fig. 1) , unless otherwise noted. The Fort Union and Willwood formations are ϳ1150 and ϳ1100 m thick, respectively. The Fort Union Formation consists primarily of drab gray mudstones, interbedded with yellow-gray to gray-orange, fine-to medium-grained sandstones and carbonaceous shales. These rocks were deposited primarily in reducing environments on poorlydrained floodplains by meandering rivers and in floodplain swamps (Jepsen, 1940; Hickey, 1980; Kraus, 1997) . The Fort Union Formation rests on the Lance Formation and can be distinguished from it by the presence of laterally continuous lignites (Hickey, 1980, p. 44) . The formational contact is placed at the first lignite, which approximately coincides with the K-P boundary based on pollen and vertebrates (Hickey, 1986, pp. 288-289) . The contact appears to be locally conformable, although Puercan mammals are only known from sandstones of the Fort Union Formation that incise underlying strata and sometimes channel into the Lance Formation (Hickey, 1980, p. 37) .
In contrast to the Fort Union Formation, the Willwood Formation was deposited predominantly in seasonally dry, oxidizing environments (Bown and Kraus, 1981; Kraus, 1997; Davies-Vollum, 2001 ). Like the Fort Union Formation, deposition occurred mostly on floodplains. The Willwood Formation is distinguished from the Fort Union Formation primarily by the prevalence of brightly colored red beds (Van Houten, 1944, p. 176) interpreted to be the B horizons of paleosols (Bown and Kraus, 1981, p. 7; Kraus, 1997, pp. 391-392, fig. 5 ). The transition from drab beds to persistent red beds coincides with the Paleocene-Eocene boundary thermal maximum (PETM) (ϳClarkforkian-Wasatchian boundary) in most of the Bighorn Basin, but on Polecat Bench it occurs ϳ1.0 myr earlier in the early Clarkforkian (Rose, 1981, pp. 8-12; Wing and others, 2000, pp. 200-201) . Thus, the formational contact is highly diachronous. Global temperature increased by 5 to 8°C during the PETM, which coincides with the CIE, and is known from both marine (Zachos and others, 2001, fig. 2 ) and continental records others, 1992, 1995; Fricke and others, 1998; Magioncalda and others, 2004) . The development of Eocene red beds is generally attributed to an increase in temperature and seasonal dryness (Bown and Kraus, 1981) . The earlier development of red beds on Polecat Bench may have been the result of better drained soils in combination with a gradual shift to a warmer, seasonally drier climate.
Three lithologically distinct, informal units were recognized by Jepsen (1940) in the Fort Union Formation on Polecat Bench: the Mantua Lentil, the Rock Bench quarry (RBQ) beds, and the Silver Coulee beds (fluvial member of Hickey, 1980, pp. 37-38) . The units reach maximum thicknesses of approximately 45, 47, and 800 m, respectively. The Mantua Lentil is a lenticular-shaped series of laterally discontinuous, fine-to medium-grained sandstone bodies that thins locally and pinches out to the north and south. The RBQ beds overlie the Mantua Lentil and consist of a series of dark carbonaceous mudstones and shales with subordinate sandstone ribbons and lignite. The RBQ beds and Mantua Lentil were equated with the Lebo Member of the Fort Union Formation by Stow (1938, p. 736 ), a correlation tentatively followed by Hickey (1980, p. 37 ). An additional unit, a conglomeratic sandstone (hence informally referred to as the "chert conglomerate"), unconformably overlies the RBQ beds ( fig.  2) . Jepsen (1930, p. 479, fig. 1 and p. 488) referred to these beds as "quartzite conglomerates," but did not later list them as a separate unit (Jepsen, 1940) . The chert conglomerate reaches a thickness of ϳ25 m and contains local lenses of light to dark gray, rounded clasts of microcrystalline quartz. The clasts are granule-to pebble-size and primarily matrix-supported on Polecat Bench, but are frequently clast-supported in exposures farther to the southeast.
The Silver Coulee beds are ϳ800 m thick on Polecat Bench and consist primarily of gray mudstones, interbedded with yellow-gray to gray-orange fine-to mediumgrained ribbon sandstones and carbonaceous shales. Shelf-forming beds consisting of intergradational argillaceous limestone lenses and nodules, and calcareous siltstones and fine-grained sandstones are also common. There is no evidence for substantial unconformities or significant hiatuses above the chert conglomerate in the Silver Coulee beds or lower Willwood Formation on Polecat Bench. No middle or late Tiffanian biozones have been recognized outside the Bighorn Basin that are not present in the Bighorn Basin. Similarly, all the paleomagnetic polarity zones recognized in the middle and late Paleocene GPTS are present and are broadly similar in relative thicknesses to those recognized in the marine record (Cande and Kent, 1992, 1995; Ogg and Smith, 2004) . Based on this biostratigraphic and geomagnetic continuity, the depositional record in the Silver Coulee beds appears to be relatively complete.
Three additional informal members were recognized by Hickey (1980, pp. 38-40) in the Fort Union Formation: the lacustrine (later formalized as the Belfry Member by Yuretich and others, 1984) , conglomerate (Beartooth Conglomerate of DeCelles and others, 1991) , and paludal members. Hickey and Yuretich (1997) described six cycles of tabular sandstone and micrite in the Belfry Member, which they interpreted as lake deposits. The sandstone-micrite couplets are intercalated with mudstones and lignites deposited on floodplains. The Belfry Member intergrades with the Silver Coulee beds along the northwest margin of Polecat Bench but is better represented near Belfry, Montana, ϳ30 km to the northwest. The Beartooth conglomerate occurs along the eastern margin of the Beartooth Range in the Clarks Fork Basin in Wyoming and Montana (Hickey, 1980, fig. 1; DeCelles and others, 1991, fig. 1) . A model of the unroofing history of the Beartooth Uplift was developed by DeCelles and others (1991) , based on the conglomerate. The paludal member occurs along the axis of the Bighorn Basin in Montana, northwest of Polecat Bench, and consists of carbonaceous mudstone, thin sandstone, and coal. Neither the paludal member nor the Beartooth conglomerate occurs at Polecat Bench or in Foster Gulch (see Appendix A).
Biostratigraphic Constraints on Lithologic Units
Biostratigraphic constraints on the three lowest lithologic units in the Fort Union Formation are important for understanding the depositional history of the Polecat Bench sequence. These units have a total thickness of only ϳ130 m, but span ϳ4 myr of the early Paleocene (Pu, Torr, fig. 2 ), in contrast to the ϳ800 m thick overlying Silver Coulee beds, which span ϳ4 myr of the middle and late Paleocene (Tiffanian and early Clarkforkian, fig. 2 ). The base of the Mantua Lentil is temporally well constrained by Mantua Quarry ( fig. 2 ), which correlates to the early part of the Puercan (Pu-1) land-mammal age (Jepsen, 1940; Archibald and others, 1987; Lofgren and others, 2004) . Rock Bench Quarry occurs in the upper part of the RBQ beds, 70 m above the K-P boundary ( fig. 2) , and correlates to the Torrejonian land-mammal age (Rose, 1981, pp. 145-148; Archibald and others, 1987, p. 30; Lofgren and others, 2004, table 3.1) . It occurs in polarity zone C27r (Butler and others, 1987, p. 655) , indicating that it is 2.0 to 2.5 myr younger than Mantua Quarry and at least 1 myr younger than latest Puercan (Pu-3) (Lofgren and others, 2004, fig. 3.2) . This implies one or more significant hiatuses somewhere between the quarries, extremely slow rates of sediment accumulation, or both. A darkly stained, hummocky surface at the top of the Mantua Lentil in the vicinities of Rock Bench and Mantua quarries is coincident with an abrupt change in lithology, and suggests a significant unconformity between the Mantua Lentil and RBQ beds ( fig. 2) . Hickey (1980, p. 44) provisionally placed the PuercanTorrejonian boundary within the RBQ beds, between the Grimy Gulch flora (LJH loc. 7861) and Rock Bench Quarry ( fig. 2) , at a level where mammals are not known. Hickey's placement of the boundary relied on a Puercan age for the Grimy Gulch flora, but differences between Puercan and Torrejonian floras are not well established, and better age control is needed for confident placement of the boundary.
The chert conglomerate is latest Torrejonian or Tiffanian in age, as indicated by a newly discovered Phenacodus molar (UM 112580, M 2 ; length ϭ 11.7, width ϭ 9.3) from the upper part of the unit ( fig. 2 ). The M 2 is within the size range of P. grangeri, known from middle Tiffanian (Ti-3; fig. 3 ) and younger faunas, but may also be within the size range of an undescribed species from a late Torrejonian fauna from the Hanna Basin of southeastern Wyoming (Higgins, 2003, fig. 9 ). The latter differs from P. grangeri in having a narrower P 4 (P 4 , length ϭ 10.5, width ϭ 6.7 mm; Higgins, ms, 2000) . Also pertinent is a dentary with imprecise locality data tentatively identified as P. anceps (YPM-PU 17816, Gingerich, 1976, p. 27) , collected at the level of the chert conglomerate or higher, that suggests an early Tiffanian age (Ti-2). If the chert conglomerate is Ti-2 in age, a significant hiatus eliminating Ti-1 is implied at its base, which incises the RBQ beds ( fig. 2 ). The duration of Ti-1 is not well-constrained but it can be tentatively bracketed by an age of 61.65 Ϯ 0.2 Ma for the C27n-C26r Chron reversal (GPTS-04), which is at or just below the Torrejonian-Tiffanian boundary (Butler and others, 1987, pp. 654-655; Lofgren and others, 2004, fig. 3.2) , and an age of 61.06 Ϯ 0.33 Ma for an ash from North Dakota positioned 6 to 10 m below a mammal locality tentatively Gingerich (2001 Gingerich ( , 2003 (PDG, left), calibrated to Cande and Kent (1995) in part, with revised biozonation calibrated to GPTS-04 (right). Biozones are named after taxon that defines base; succeeding taxon defines top. Revised biozone boundaries for Ti-2 to Cf-3 calibrated by cubic spline interpolation ( fig. 6 ) between polarity chron reversal ages of Ogg and Smith (2004) and P-E boundary age of Luterbacher and others (2004) . Shaded intervals represent biozones in the San Juan (M. pungens; Williamson, 1996; Lofgren and others, 2004) and Crazy Mountains (p. praecursor; Gingerich, 1976 Gingerich, , 1983 Hartman and Krause, 1993) basins that have not been recognized in the northern Bighorn Basin. Ages for bases of To-3 to Ti-1 estimated from positions relative to magnetic polarity chrons in Williamson (1996) and Butler and others (1987) . Zone types follow ISSC (1994) and NACSN (2005) : interval zones (iz) based on first occurrences of taxa not closely related to preceding or succeeding zone taxa; lineage zones (lz) based on evolutionary lineages of Plesiadapis; taxon range zone (rz) based on the total range of Plesiadapis cookei; and the abundance zone (az) on abundance of Phenacodus and Ectocion. Abbreviations: C. ϭ Cardiolophus; M. ϭ Mixodectes; P. ϭ Plesiadapis; P-E ϭ Phenacodus-Ectocion; LMA ϭ land-mammal age; Clark ϭ Clarkforkian; Torr ϭ Torrejonian; Wa ϭ Wasatchian; Eo ϭ Eocene; Da ϭ Danian; Yp ϭ Ypresian. correlated to Ti-2 (Belt and others, 2004, p. 128) . These data suggest that the duration of Ti-1 was not more than ϳ1.0 myr.
The Silver Coulee beds on Polecat Bench and in Foster Gulch are the source of nearly all Tiffanian fossils included in this study. Collections were made by crews from Princeton University and the University of Michigan, and consist of over 6500 mammal jaws and teeth. Few specimens are known from the lower Silver Coulee beds on Polecat Bench, but the base of the unit is probably no older than early Tiffanian, based on the age of the underlying chert conglomerate discussed above. The Silver Coulee beds in Foster Gulch unconformably overlie the Late Cretaceous Lance Formation. These beds are no older than the P. rex zone (Ti-3; fig. 3 ) (Gingerich, 1983a, fig. 2, "d" area) , based on Cedar Point Quarry that occurs only ϳ10 m above the unconformity ( fig. 2 ). Although the Silver Coulee beds are mostly Tiffanian in age, the uppermost part is early Clarkforkian (Cf-1) on Polecat Bench, and in Foster Gulch the beds span the entire Clarkforkian.
The Bear Creek fauna is the only fauna known from Hickey's (1980) paludal member. It is early Clarkforkian in age (Cf-1). It is especially important because it comes from the roof of a coal mine and represents a rarely sampled environment (Simpson, 1928 (Simpson, , 1929a (Simpson, , 1929b Gunnell and Bartels, 2001, pp. 150-151) . Floras and a small collection of fossil mammals indicate a Clarkforkian age for Hickey's overlying conglomerate member which crops out west of Polecat Bench along the Beartooth front (Hickey, 1980, fig. 2; Gingerich, 1983a, fig. 2 ). Neither vertebrate nor plant fossils have been described from the main body of the Belfry Member, but gastropods and pelecyopds are common (Yuretich and others, 1984, p. 842) .
ar/ 39 ar geochronology of the belt ash
The Belt Ash was discovered by one of us (P. Wilf) in a series of carbonaceous shales in the Silver Coulee beds on the southeastern side of Polecat Bench ( fig. 1 ). The ash is 2 to 3 cm thick, is composed of Ͻ5 percent volcanic phenocrysts encased in a matrix of bentonitic clay, and can be traced laterally for more than a kilometer. It occurs approximately 40 m below the base of polarity zone C26n, in the upper part of C26r ( fig. 2 ). With respect to biozones, it occurs in the upper part of the P. churchilli zone (Ti-4a; fig. 3 , right column), 30 m below the base of the Phenacolemur zone (Ti-4b). A macroflora (USNM locality 42041; "Skeleton Coast") of more than 850 identified specimens was recently collected 20 m above the Belt Ash and is being studied by P. Wilf.
Sanidine phenocrysts 75 to 125 m in diameter were separated from ash matrix by crushing, using heavy liquids, handpicking under refractive-index oil (see Smith and others, 2003) , and ultrasonic cleaning in 10 percent HF. Crystals were irradiated at Oregon State University where they received a fast neutron dose of ϳ5 ϫ 10 18 neutrons/cm 2 . This was followed by fusion of crystals with a CO 2 laser, mass spectrometry, mass discrimination corrections, nucleogenic reactor corrections, and error propagation (see Smith and others, 2003) . The mean age was weighted by the inverse variance of each measurement and is reported at the 2 level (Appendix B). Uncertainty in the neutron fluence parameter J was 0.1 percent, based on 39 measurements of Taylor Creek Rhyolite sanidine standard crystals (TCs; Duffield and Dalrymple, 1990) . This uncertainty was propagated into the final age. The age used for TCs is 28.34 Ϯ 0.28 Ma relative to 98.79 Ϯ 0.96 Ma for the primary standard GA-1550 biotite (McDougall and Roksandic, 1974; Renne and others, 1998) , which is intercalibrated to 28.02 Ϯ 0.28 Ma for the Fish Canyon Tuff sanidine.
Twenty three laser-fusion analyses on multi-crystal (20) aliquots of optically clear sanidine yielded a weighted mean apparent age of 59.00 Ϯ 0.30 Ma ( fig. 4 and Appendix B). Single-crystal analyses were not possible because of small crystal size. The analyses define an isochron of 59.11 Ϯ 0.34 Ma with an 40 Ar/ 36 Ar intercept of 290.9 Ϯ 6.8 ( fig. 4) , which is consistent with an atmospheric trapped component. Because there is no evidence of excess or inherited argon, the weighted mean apparent age provides the best estimate of time elapsed since eruption and deposition of the ash. When compared to the GPTS, or other ages acquired using 40 Ar/ 39 Ar standards other than TCs, an additional 0.04 myr of uncertainty is added to the overall age calculation (Appendix B).
The small size of sanidine crystals in the Belt Ash (75-125 m) necessitated multi-crystal analysis. Multiple-crystal ages can exhibit a lower apparent spread than single-crystal ages, however, and lead to underestimated error (Smith and others, 2004) . They may also mask the incorporation of xenocrysts during eruption and can result in older mean ages. Nevertheless, there is no evidence for bimodality in our radioisotopic data. Greater error is positively correlated with older ages (fig. 4 ), but this is probably due to the "edge effect" whereby aliquots with lower precision tend to fall near the extremes of variance. Lower precision is correlated with smaller gas yield, probably due to smaller crystal size. Although the possibility of xenocrystic contamination cannot be eliminated with complete certainty, a mean squared weighted deviation (MSWD) greater than 0.36 (Appendix B) might be expected if contaminants were present.
belt ash and the gpts
The weighted mean age of the Belt Ash, 59.00 Ϯ 0.30 Ma ( fig. 4) , falls within polarity Chron C26r using either ). This confirms that the reversed polarity zone on Polecat Bench containing the ash was correctly correlated to C26r by Butler and others (1981, fig. 10 ). We compare the radioisotopic age of the ash to predicted ages based on stratigraphic position ( fig. 5 ). Predicted ages were calculated using a cubic spline function (a smoothed line comprised of a series of third-order polynomials) fit through polarity zone boundaries on Polecat Bench, calibrated separately to GPTS-95 and GPTS-04 (table 1, figs. 5 and 6). Because a hiatus may occur near the base of polarity zone C26r, as discussed above, ages for the ash were calculated with and without hiatuses of 0.5 and 1.0 myr. All interpolated ages for the ash using GPTS-04 are indistinguishable from the radioisotopic age ( fig. 5B ). In contrast, interpolated ages using GPTS-95 fall outside the envelope of uncertainty of the radioisotopic age ( fig. 5A ). Our results corroborate the revised age for the C26r-C26n Chron reversal in GPTS-04. (McDougall and Roksandic, 1974; Renne and others, 1998) . Individual age determinations, weighted mean, and isochron age are shown with Ϯ 2 analytical uncertainties. MSWD ϭ Mean squared weighted deviation.
correlate key fossil localities to the main section on the southeast side of Polecat Bench ( fig. 2) . Three or more oriented samples were collected from a total of 49 discrete sites in measured stratigraphic sections and analyzed in the paleomagnetism laboratory at the University of New Hampshire. Previous paleomagnetic studies in the northern Bighorn and Crazy Mountains basins found that stepwise alternating field (AF) demagnetization up to peak fields of 100 mT is the most effective protocol for isolating the characteristic remanence magnetization in siltstones of the Fort Union Formation others, 1981, pp. 302, 1987, 652-653) . Our results corroborate this finding.
Characteristic directions for samples that exhibited linear decay to the origin (47%) were computed using least-squares analysis whereas directions for samples that showed strong clustering of vector end points but no linear decay to the origin (21%) were calculated using a Fisher mean (figs. 7A and 7B). In some samples (14%), the overlapping unblocking spectra of the magnetic components obscured any linear demagnetization trends and the progression of remanence directions along a great circle path from the overprinting direction to a reversed polarity was used to determine the characteristic direction ( fig. 7C ). The rest of the samples (18%) exhibited unstable demagnetization behavior and could not be used to determine polarity.
Summary statistics were calculated for those sites that contained three or more samples exhibiting stable demagnetization (Appendix C). Alpha sites were those in which all samples were characterized by a line or mean direction and exhibited clustering that passed the Watson test for randomness (Watson, 1956) . Beta sites were those in which all three samples exhibited consistent polarities, but one or more samples were characterized by a great circle direction. Individual samples that were not included in alpha or beta sites, but were still characterized by stable demagnetization, were also considered when determining the placement of polarity boundaries.
Mean characteristic directions from alpha sites show better clustering in stratigraphic coordinates (100% tilt correction) than geographic coordinates and pass the fold test at the 95 percent confidence level ( fig. 7D ) (Tauxe and Watson, 1994) . (Cande and Kent, 1992, 1995) and (B) GPTS-04 (Ogg and Smith, 2004) . Vertical bars show analytical and intercalibration uncertainty of Ϯ 0.34 myr for radioisotopic age, and assumed uncertainty of Ϯ 0.30 myr for magnetostratigraphic spline estimates. Latter uncertainty is a function of both GPTS and stratigraphic uncertainty, but because the Belt Ash is in close proximity to base of polarity zone C26n, stratigraphic uncertainty is small. Younger spline estimates assume a 1 myr hiatus at base of polarity zone C26r in Polecat Bench section. Note close agreement of radioisotopic and magnetostratigraphic estimates using GPTS-04 calibration (B).
Although the mean characteristic directions for the alpha sites also appear antipodal, they do not pass the reversal test at the 95 percent confidence level due to shallower reversed directions compared to normal directions. This is likely due to incomplete removal of a present-day normal overprint. The overall mean characteristic direction (Dec/Inc) for the alpha sites is 351/53 (␣ 95 ϭ 6.8). This agrees well with the expected fig. 6 ). Polarity chron and CIE ages from GPTS-04 (Ogg and Smith, 2004) direction of 349/63 (␣ 95 ϭ 2.6) for the early Eocene of the Bighorn Basin, based on the Eocene reference pole for North America (Diehl and others, 1983) , and it is significantly different from the present-day geocentric axial dipole field direction for this location of 0/63.
Princeton Quarry Section-West Polecat Bench
We sampled a 170 m section below Princeton Quarry in order to extend downward the "Polecat Bench Northwest" paleomagnetic section of Butler and others (1981, figs. 1 and 5) and to better constrain the geochronology of many important late Paleocene fossil localities in this area. Twenty-one sites were sampled in our Princeton Quarry section and after analysis, 13 of these were alpha or beta sites (Appendix C). The lower 55 m of the Princeton Quarry section are characterized by normal polarity whereas the upper 115 m are characterized by reversed polarity (fig. 8A ). The polarity transition at the 55 m level in the Princeton Quarry section undoubtedly represents the Chron C26n-C25r boundary based on its stratigraphic position relative to the C25r-C25n boundary, which occurs about 300 m higher on this side of Polecat Bench (fig. 2) . The stratigraphic thickness between these boundaries on the southeastern side of Polecat Bench is nearly the same (320 m, fig. 2 ). Correlation of the normal zone above the Princeton Quarry section to Chron C25n in the GPTS by Butler and others (1981, fig. 10 ) is strongly supported by its position relative to the Paleocene-Eocene boundary and the CIE others, 1992, 1995; Clyde, ms, 1997; Gingerich, 2001 Gingerich, , 2003 Magioncalda and others, 2004) . The lowest site in the Princeton Quarry section is characterized by normal polarity, so there is no evidence that the top of Chron C26r is present in this section. Foster Gulch Twenty-eight paleomagnetic sites were sampled from the Foster Gulch area, which lies ϳ40 km to the southeast of Polecat Bench (see Appendix A for discussion of Foster Gulch quarries). These sites were tied together via lithostratigraphic correlation of marker beds and referenced to the composite stratigraphic section of Clyde (ms, 1997, ; 2001, pp. 115-117) . The lowest 11 sites were sampled from beds directly above Cedar Point Quarry (P. rex biozone, Ti-3) whereas the remaining 17 sites were sampled from beds that stratigraphically encompass Divide and Croc Tooth quarries (P. churchilli , and Phenacolemur [Ti-4b] biozones, respectively). Results indicate that all three quarries are associated with sites of reversed polarity and that there is a change to normal polarity about 5 meters above Croc Tooth Quarry, which is the highest quarry in the composite section (ϳ260 meter level; fig. 8B ). This polarity reversal must represent the Chron C26r-C26n boundary based on its expected position relative to biostratigraphic tie points. Assignment of this reversal to any other chron boundary would imply great biostratigraphic diachrony (Ն1.5 myr) between Foster Gulch and Polecat Bench. Previous correlation between these areas was based on the assumed biostratigraphic equivalence of Croc Tooth Quarry in Foster Gulch and SC-243 on Polecat Bench (Secord, ms, 2004, p. 25) . The data presented here indicate that these localities occur approximately 5 and 20 m below the base of C26n, respectively, indicating a high degree of consistency between the paleomagnetic and biostratigraphic data.
The location of the C26r-C26n boundary in Foster Gulch provides an important tie point to Polecat Bench and to the GPTS, and greatly strengthens the chronostratigraphic framework of the northern Bighorn Basin. Our new paleomagnetic results from Foster Gulch corroborate our biostratigraphic data from Polecat Bench that place the P. churchilli zone entirely in Chron C26r. This is significant because placement of the P. churchilli zone in Foster Gulch is based on much larger fossil samples (see Appendix A). The recognition that Ti-4a lies in C26r, rather than C25r, has important implications for the age of the Mason Pocket fauna in the type Tiffanian 
tiffanian and clarkforkian land-mammal ages
North American land-mammal ages were first established by the Wood Committee (Wood and others, 1941) as "provincial ages." Because many mammalian faunas occurred in isolated outcrops and their superpositional relationships to other faunas were not clear, the Wood Committee based land-mammal ages primarily on faunal content. Type areas were assigned to each land-mammal age, but neither type stratigraphic sections nor meter levels were specified. These provincial ages were not true geochronologic ages, because they were not based on described fossil sequences in discrete stratigraphic sections, and thus they lacked defining chronostratigraphic stages (see NACSN, 2005) . The faunal content and temporal extent of many landmammal ages is now better known. Some, such as the Clarkforkian, can now be considered valid geochronologic units. Others, such as the Tiffanian, are more problematic.
The Tiffanian was initially based on the "Tiffany beds" (now part of the Animas Formation) in the northern San Juan Basin of southwestern Colorado and was typified by the Mason Pocket local fauna (see below). The Tiffanian is currently defined as the temporal interval between the first appearance of Plesiadapis and the first appearance of Rodentia (Lofgren and others, 2004 ), which we follow here. As noted above, neither the lower nor upper boundary of the Tiffanian has been recognized in the type area, but the former is constrained by faunas in the Hanna Basin (Higgins, 2003) and the latter by faunas in the Bighorn Basin (Rose, 1980 (Rose, , 1981 Gingerich, 2001 ). The Bighorn Basin contains the most complete and most studied continuous record of middle and late Tiffanian faunas (Ti-3 to Ti-6). The stratigraphic ranges shown in figure 9 define the composition of this interval, and the Polecat Bench sequence can now be viewed as the stratotype for the middle and late Tiffanian. Although it would be appropriate to abandon the term "Tiffanian" and apply a local geographic name to this stratigraphic interval, use of the term is widespread, and we follow historical precedent.
The Clarkforkian land-mammal age is based on stratigraphic sequences in the Clarks Fork Basin, a northwestern sub-basin of the Bighorn Basin in northern Wyoming and southern Montana that includes Polecat Bench (Gingerich, 1983a, fig. 1 ). The Clarkforkian is currently recognized as the interval between the first appearance of Rodentia and the first appearance of Artiodactyla (Lofgren and others, 2004) . The first artiodactyls appear early in the CIE, along with perissodactyls and primates, not far above the P-E boundary, and mark the beginning of the Wasatchian land-mammal age (Gingerich and Clyde, 2001; Magioncalda and others, 2004) . The earliest known occurrence of rodents in North America is in the Bighorn Basin, which contains the only known detailed record of faunas across the Tiffanian-Clarkforkian (Ti-Cf) boundary. The recent discovery of a rodent molar (UM 108587) in a freshwater limestone has shifted the Ti-Cf boundary down 35 m (ϳ0.07 myr earlier) to UM locality SC-181 on the west side of Polecat Bench ( fig. 2, right column) . The boundary was previously placed at nearby locality SC-179 (Rose, 1981; Gingerich, 2001) . At least two rodent species are present at SC-179, a large species (probably Acritoparamys atavus, see Secord, ms, 2004, pp. 156-158) and an undescribed smaller species (see Bloch, ms, 2001, pp. 111-112) .
The Ti-Cf boundary is formally based on the first occurrence of rodents, but several authors have reported that it can also be recognized by the first appearance of tillodonts (Esthonyx), Haplomylus, and Coryphodon (for example, Rose, 1981, p. 12; Archibald and others, 1987, p. 61; Lofgren and others, 2004, p. 85) , which are also thought to have been intercontinental immigrants. SC-179 and SC-362 are the lowest Clarkforkian localities that have yielded relatively large fossil samples (136 cataloged specimens) and are about 35 m above the first occurrence of rodents ( fig. 2 , right (Simpson, 1928 (Simpson, , 1929a (Simpson, , 1929b Gunnell and Bartels, 2001) . Biozone abbreviations as in figure 3 . Connected lines show species in presumed evolutionary lineages. Additional quarries: PQ ϭ Princeton; SQ ϭ Schaff; Y2K. FH ϭ Fossil Hollow (SC-198). See Secord (ms, 2004) for description and discussion of Tiffanian species. column). Haplomylus was recently documented at this level (Secord, ms, 2004, pp. 295-296) but not Esthonyx or Coryphodon. Esthonyx is known from SC-83, which is ϳ40 m higher ( fig. 2, left column) , and its absence at lower levels could reasonably be a sampling artifact. Coryphodon, however, which is the largest known Paleocene mammal and is not easily overlooked by collectors, is not known with certainty until the middle Clarkforkian (Cf-2). Once Coryphodon does appear with certainty, about 325 m above the Ti-Cf boundary (SC-108), it quickly becomes common. The only specimen from Cf-1 that may belong to Coryphodon is a fragment of an upper canine (UM 71575) from SC-83 ( fig. 2, left column) , which has the morphology of Coryphodon, but could also be from a different pantodont. Collections from Cf-1 in the Bighorn Basin are relatively small and larger samples are needed to confidently determine if Coryphodon is present. Even if it is found to be present, however, it appears to be a rare genus until Cf-2 and should not be used independently to recognize the Ti-Cf boundary.
The synchrony of the Ti-Cf boundary and other Paleocene biozone boundaries has not been tested outside the Bighorn Basin, but the chronostratigraphic framework presented here will help to facilitate such work and to better constrain the timing of immigration events.
revised biostratigraphy
Taxa used to define new zone boundaries were chosen for their identifiability, geographic distribution, and abundance in the fossil record. In all cases we used the first occurrence of a single taxon to define a boundary. Some authors have recommended the use of multiple taxa to define boundaries (for example, Savage and Russell, 1977, pp. 51-52) . Although such boundaries may be more stable than singletaxon boundaries, they are inherently less precise, except in rare instances when multiple taxa appear simultaneously (for example, Gingerich, 1989 Gingerich, , 2001 . Some biostratigraphers prefer to use immigrant taxa to define zone boundaries (Repenning, 1967; Woodburne, 1977) , as we have done for the Probathyopsis zone (Ti-5a). Immigrant taxa are often easily distinguished from native taxa because close relatives are not present in the contemporary fauna. It is clear from modern examples that immigrant taxa can disperse rapidly and thus provide boundaries that are virtually synchronous in the geologic record. Although we have defined boundaries using single taxa, we do not recommend the sole use of the boundary-defining taxon for purposes of regional correlation. Rather, we advocate the use of all available biostratigraphic and geochronologic data (see "Correlation of Type Tiffanian to Polecat Bench" section). In instances of great biostratigraphic complexity, computational algorithms may provide the most reliable correlations (Alroy, 1994 (Alroy, , 2000 Webster and others, 2003) .
Biozonation for most of the late Paleocene was traditionally based on evolutionary lineages of Plesiadapis (for example, Gingerich, 1975 Gingerich, , 1976 Gingerich, , 1983a Gingerich, , 2001 . Plesiadapis has the advantage of being a common genus in many Tiffanian and Clarkforkian localities with a well-documented evolutionary history. However, because species of Plesiadapis are segments in a morphologic continuum (Gingerich, 1976) , the placement of zone boundaries is somewhat arbitrary. Additionally, confident identification of species can be difficult without large samples or unusually complete dental material. For these reasons we have chosen to define new biozones based on the first occurrences of taxa that are not closely related to those that define the preceding or succeeding zones (interval zones of ISSC, 1994, pp. 59-61; and NACSN, 2005, p. 1574) . Boundaries of interval zones have the advantage of being precise, but they can shift significantly with the discovery of the defining taxon at a lower stratigraphic level (for example, see revision of Torrejonian in Lofgren and others, 2004, p. 72) . Nevertheless, with intensive sampling, interval zones should provide less ambiguous boundaries than lineage zones. Figure 3 compares differences between the biostratigraphic revision presented here and the most recent biostratigraphy for the northern Bighorn Basin by Gingerich (2001, table 1) . Our revision includes the addition of three new biozones, the Phenacolemur interval zone (Ti-4b), the Probathyopsis interval zone (Ti-5a), and the Copecion interval zone (Cf-3). Each zone bears the name of the taxon whose first occurrence defines the base. The top is defined by the first occurrence of the succeeding zone-taxon. Formal definitions for the new zones are given in Appendix D and stratigraphic levels in table 1. Figure 9 shows the stratigraphic occurrences of most mammalian species of Tiffanian and early Clarkforkian (Cf-1) age in the northern Bighorn Basin.
The Phenacolemur zone is stratigraphically equivalent to the Plesiadapis churchilli zone of Gingerich (2001, Ti-4, p. 41, fig. 3) (fig. 3) . In our revision, however, the P. churchilli zone has shifted to a considerably lower stratigraphic level on Polecat Bench, based on taxa from locality SC-261 (see Appendix A). The downward shift is corroborated by recognition of C26n in the Foster Gulch area above the Ti-4a‫گ‬Ti-4b boundary, as noted above. The P. churchilli zone (Ti-4a) now occupies a stratigraphic interval on Polecat Bench previously in the P. rex zone (Ti-3, Gingerich, 2001, p. 41, fig. 3 ).
Phenacolemur (ϭ Dillerlemur
3 ) is a distinctive taxon, easily distinguished from other plesiadapiforms by its hypertrophied P 4 and upper premolars (for example, Bown and Rose, 1976; Rose, 1981) . It is known from many late Paleocene localities in Wyoming and Montana (Archibald and others, 1987 ).
An important event that occurs in the Phenacolemur zone is the last occurrence of the multituberculate Ptilodus ( fig. 9 , P. kummae). Ptilodus is an abundantly represented genus in most Tiffanian faunas older than Ti-5 and its demise marks an important datum that may be useful for regional correlation.
The Probathyopsis zone replaces the P. fodinatus zone of Gingerich (Ti-5a, 2001 , table 1, fig. 3) (fig. 3) . We abandon the P. fodinatus zone because of difficulties distinguishing P. fodinatus from the preceding P. cf. fodinatus, which occurs in the Phenacolemur zone ( fig. 9 ). Certain characteristics of P. fodinatus, such as a more shelf-like talonid on lower premolars, are variably present in P. cf. fodinatus (Secord, ms, 2004, pp. 205-208) and if the P. fodinatus zone were retained, the lower boundary would be based in part on character frequency. Probathyopsis, on the other hand, is an intercontinental immigrant and the first representative of the order Dinocerata (uintatheres) to appear in North America (Gingerich, 1985; Beard and Dawson, 1999, pp. 699-700) . Its teeth are easily distinguished from those of other North American mammals. It is known regionally as far south as Colorado (Patterson, 1939, p. 199; Thewissen and Gingerich, 1987) . Probathyopsis has the disadvantage of being less common than Plesiadapis, but it provides a potentially synchronous boundary free of issues related to evolutionary gradation.
The Copecion zone replaces the Phenacodus-Ectocion acme zone of Rose (Cf-3, 1980; as the youngest Clarkforkian zone. We redefine Cf-3 because phenacodontid abundance can be influenced by taphonomic and local paleoenvironmental biases, and it has limited value for regional correlation. No taxon other than Copecion appears to be suitable for defining the lower boundary of Cf-3 based on first occurrence. Copecion is not common (11 specimens from eight Cf-3 localities; ϳ1% of ϳ1100 cataloged UM mammal specimens), but its first occurrence provides an objective datum. The underlying Cf-2 biozone is well sampled in the Bighorn Basin (Ͼ2000 UM specimens) and Copecion has not been identified at this level. Thus, the probability is small that Copecion will be discovered in significantly older strata. In instances where the presence of Copecion is uncertain, the Copecion zone can be recognized as the interval between the last occurrence of Plesiadapis cookei and the first occurrence of earliest Eocene (earliest Wasatchian, Wa-0) immigrants (artiodactyls, perissodactyls, or euprimates).
Copecion does not appear to occur in faunas older than Cf-3 outside the Bighorn Basin, although Clarkforkian localities in which it occurs in the Piceance Creek Basin of Colorado have not been assigned to biozones (Thewissen, 1990, pp. 68-69) . A middle Tiffanian (Ti-3) occurrence reported by Lofgren and others (2004, table 3 .2) may stem from a faunal list for Love Quarry in which Copecion (then Phenacodus) cf. brachypternus was included (McKenna, 1980, p. 327) or could be a typographic error (no Clarkforkian occurrences were listed). The only specimen (AMNH 89689) from Love Quarry in the AMNH online database identified as P. brachypternus was reidentified as Phenacodus matthewi by Thewissen (1990, p. 49) , but none was identified as Copecion. Thus, there is no reason to think that Copecion occurs at Love Quarry or in the Tiffanian.
In summary, the results of our revised biostratigraphy are: (1) documentation of the stratigraphic ranges of all species known to occur in the Tiffanian and early Clarkforkian of the northern Bighorn Basin; (2) reevaluation of existing biozone boundaries; (3) addition of the Phenacolemur zone (Ti-4a); and (4) redefinition of the P. fodinatus (Ti-5a) and Phenacodus-Ectocion (Cf-3) biozones, using first occurrences of Probathyopsis (Ti-5a, revised) and Copecion (Cf-3, revised), respectively.
biozone calibrations
Age estimates for biozone boundaries were made by spline interpolation between polarity zone boundaries, and between the base of zone C24r and the P-E boundary (base of the CIE) on Polecat Bench (fig. 6 ). Stratigraphic level was used to estimate numerical age, following convention (Agterberg, 1988 (Agterberg, , 1994 (Agterberg, , 2004 Cande and Kent, 1992; Gradstein and others, 1995) . Ages used for polarity zones and the P-E boundary are from GPTS-04. The close agreement between the radioisotopic age of the Belt Ash and that of the Chron C26r-C26n boundary in GPTS-04 ( fig. 5B ), negates any need to adjust the GPTS or use the ash as a calibration point for the Polecat Bench section. Figure 6 shows that the greatest change in slope between calibration points occurs between zones C26r and C26n. The steeper slope in C26r is the result of slower accumulation rates, the presence of one or more hiatuses, or both. The Plesiadapis praecursor zone (Ti-1), which would be expected near the base of C26r (Lofgren and others, 2004, fig. 3 .2), may be absent on Polecat Bench (see "Biostratigraphic Constraints . . . " section above). To determine the effect of this possible hiatus on our age estimations and slope we calculated spline curves with hiatuses of 0.5 and 1.0 myr at the base of C26r (fig. 6) . A 1.0 myr hiatus resulted in substantially younger estimates for biozone boundaries below Ti-4a (table 1) . Even with this hiatus, however, the slope for C26r remains steeper than in younger intervals. Thus, even a large hiatus does not entirely explain differences in slope, and it is probable that average accumulation rates were slower in the lower part of zone C26r.
Better age control and larger fossil samples are needed in the lower part of C26r before confident age estimates for biozones in this interval can be made.
correlation of type tiffanian to polecat bench
Evidence reported here indicates that Mason Pocket, the principal fauna from the type Tiffanian in southwestern Colorado ("Tiffany beds" of Granger, 1917) , is considerably older than previously determined. Specimens from Mason Pocket and nearby localities were described by Granger (1917) , Simpson (1935c Simpson ( , 1935b Simpson ( , 1935a , Van Valen (1966, p. 79) , Gingerich (1973 Gingerich ( , 1983b , Krause (ms, 1982, p. 173) , and Thewissen (1990, p. 55) . Butler and others (1981, p. 309) correlated Mason Pocket and overlying beds to polarity zone C25r on Polecat Bench and considered it faunally equivalent to the P. churchilli zone (Ti-4, fig. 3 , left column). Their correlation was reasonable because Mason Pocket occurs in a zone of reversed polarity and C25r was the only reversed zone that overlapped the range of Ti-4 on Polecat Bench ( fig. 3 , left column). Their correlation was supported by specimens collected above Mason Pocket that suggested age equivalence to the younger P. simonsi zone (ϳTi-5a and Ti-5b revised) in the Bighorn Basin. The only reversed polarity zone on Polecat Bench that overlaps with Ti-5 was, and still is, C25r (figs. 2 and 3). Evidence presented here, however, has changed the stratigraphic range of the P. churchilli zone, which now extends well below C26n, into C26r (figs. 3 and 9). Thus, reevaluation of the age of the type Tiffanian is in order. Gingerich (1976, fig. 16 ) and Butler and others (1981, p. 309) considered Mason Pocket a correlative of the P. churchilli zone (Ti-4) based on the presence of Chiromyoides caesor and Nannodectes gidleyi. Data presented here support correlation to Ti-4 (a or lower part of b). Figure 10 illustrates the ranges of biostratigraphically useful taxa from Mason Pocket also known in the Bighorn Basin. Ptilodus kummae, Ignacius frugivorus, Chiromyoides caesor, Carpodaptes, and Nannodectes all restrict the younger age range of Mason Pocket to the older part of Ti-4b or earlier. As noted above, Ptilodus is a common and abundant form in Tiffanian faunas and its last occurrence, represented by P. kummae, marks an important biostratigraphic datum. Thryptacodon australis is a relatively common species in zones below Ti-5a and also suggests an earlier age, but it is known from a single specimen (UM 110281) from the earliest part of Ti-5a on Polecat Bench. Carpodaptes and Nannodectes suggest an age older than Ti-4b. Chiromyoides caesor restricts the older age range of Mason Pocket to Ti-4a or younger. Chiromyoides caesor is not known with certainty from Ti-4a, but based on size, a partial M 3 (YPM-PU 25014) from Long Draw Quarry (Ti-4a) probably belongs to this species (Secord, ms, 2004, p. 216) . Nannodectes does not range below Ti-4a in the Bighorn Basin, but it is well known from older faunas south of the Bighorn Basin (Gingerich, 1976) ; it does not help to constrain the older age range. When the ranges of all taxa are considered, Mason Pocket appears to be faunally equivalent to Ti-4a or the older part of Ti-4b ( fig. 10 ). The absence of Phenacolemur is consistent with a Ti-4a age. These range restrictions, coupled with the fact that Mason Pocket occurs in a zone of reversed polarity, indicate that Mason Pocket is correlative to polarity Chron C26r, and not C25r as determined by Butler and others (1981) .
Specimens from localities above Mason Pocket in the "Tiffany beds" suggest a significantly younger age. A specimen (AMNH 55499) identified as Dipsalidictis aequidens (Oxyaena of Butler and others, 1981, p. 309) by Gunnell and Gingerich (1991, p. 156) , reportedly collected several kilometers northwest of Mason Pocket, suggests a Clarkforkian age. Dipsalidictis aequidens is known only from the Clarkforkian (Cf-2, Cf-3) in the Bighorn Basin and elsewhere (Gunnell and Gingerich, 1991) . Similarly, specimens from the "Tiffany beds" tentatively identified as Phenacodus vortmani by Thewissen (1990, p. 15, p. 58-59 ) suggest a late Tiffanian (Ti-5, Ti-6) or Clarkforkian age. Phenacodus vortmani first appears near the base of the Probathyopsis zone (Ti-5a) in the Bighorn Basin ( fig. 9 ) and is not known from localities older than Ti-5 regionally (Thewissen, 1990) . Butler and others (1981, fig. 7 ) sampled a 150 m thick section through the "Tiffany beds" with Mason Pocket near the base and reported that the entire section had reversed polarity. The presence of Phenacodus vortmani and Dipsalidictis in the "Tiffany beds" along with the Mason Pocket fauna suggests that this thin unit spans a large temporal range. If this section does include strata of Tiffanian through Clarkforkian age, however, one would expect to find two normal polarity zones (C26n and C25n, fig. 3 ). It may be that the section contains significant hiatuses or that paleomagnetic sampling was incomplete. Other possibilities are that the identification or provenance of specimens is incorrect (see Thewissen, 1990, p. 15) or that the age ranges of Dipsalidictis and Phenacodus vortmani differ considerably from southern Colorado to northern Wyoming. This last idea is unlikely, however, because there is no evidence that Mason Pocket contains taxa that have greatly disparate age ranges elsewhere. In other words, taxa that occur together at Mason Pocket also occur together in northern Wyoming. A better understanding of the age range of the "Tiffany beds" requires the collection of additional specimens, new paleomagnetic sampling, and the placement of localities into a stronger lithostratigraphic and chronostratigraphic framework.
conclusions
The radioisotopic age of the Belt Ash corroborates previous correlation of the Bighorn Basin magnetostratigraphy to the GPTS by others (1981, 1987) . The ash occurs slightly below the zone C26r-C26n reversal on Polecat Bench (ϳ40 m), and thus provides an important calibration point for this reversal and by association for the Selandian-Thanetian stage boundary (Luterbacher and others, 2004; Ogg and Smith, 2004 Ar age of the Belt Ash agrees closely with magnetostratigraphic age estimates using the GPTS of Ogg and Smith (2004) . Thus, it corroborates their interpretation that polarity Chron C26n is significantly older than depicted in the GPTS of Cande and Kent (1995) .
The identification of Chron C26n in Foster Gulch provides an important tie point to the Polecat Bench sequence and to the GPTS, and it greatly strengthens the chronostratigraphic framework of the northern Bighorn Basin. Our biostratigraphic revision, coupled with paleomagnetic data, indicate that Mason Pocket, the primary fauna upon which the Tiffanian land-mammal age was originally based, is correlative to Chron C26r, rather than C25r, as previously thought. Our revision of middle and late Paleocene biozones and a detailed description of their content provide a strong basis for regional biostratigraphic correlation. Age calibration of these biozones using the revised GPTS places the contained Bighorn Basin biotas into a high resolution geochronologic context allowing faunal and floral records to be compared to those from other basins and other continents, and to the paleoclimate record. It also provides a robust framework for testing the synchrony of taxonomic first and last appearances, and helps to constrain the timing of important immigration and evolutionary events. 
Appendix A
Correlation across Polecat Bench and to Foster Gulch
The composite section used to compile stratigraphic ranges in figure 9 relies in part on correlation of sections across Polecat Bench and correlation of Foster Gulch faunas to Polecat Bench. The West Polecat Bench section (WPB) was correlated to the southeast section (SPB) using the top of polarity zone C26n and the base of C25n. Because the top of C25n is covered on WPB, localities above C25n were correlated using stratigraphic distance below the Paleocene-Eocene boundary (CIE) which occurs at the southwestern tip of Polecat Bench ( fig. 1) (Rose, 1981; Gingerich, 2001 ). As noted above, paleomagnetic correlations across Polecat Bench demonstrate that accumulation rates were nearly equal across Polecat Bench from Ti-4b to Ti-6, and we assume that rates remained the same during the Clarkforkian.
Foster Gulch is approximately 40 km east-southeast of the southeastern margin of Polecat Bench (Bloch and others, 2004, fig. 1 ). Three important Tiffanian quarries, Cedar Point, Divide (FG-46), and Croc Tooth (FG-28 or "Witter") quarries occur in the area. Cedar Point and Divide quarries are considered here to be the representative faunas for the P. rex (Ti-3) and P. churchilli (Ti-4a) biozones, respectively. The quarries have yielded 1988 and 483 identified jaws and teeth, respectively (Rose, 1981; Secord, ms, 2004) , which are the largest single collections from Ti-3 and Ti-4a in the Bighorn Basin. Croc Tooth Quarry yielded a smaller sample (at least 70 identified specimens, 22 species; Secord, ms, 2004, pp. 504-506) but is important for its faunal content and stratigraphic position above Divide Quarry. The primary tie point between Polecat Bench and Foster Gulch is the C26r-C26n polarity reversal, discussed in the "Magnetostratigraphy" section.
The best supported biostratigraphic correlation from Foster Gulch to SPB below C26n is Croc Tooth Quarry, which correlates to SC-243 (Secord, ms, 2004, p. 25) , but with the recognition of the C26r-C26n polarity reversal directly above these localities ( fig. 2) , further discussion is unwarranted. Fossil samples of Tiffanian age below SC-243 on Polecat Bench are relatively small, but provisional correlations are possible. We correlate Cedar Point Quarry to localities SC-263, SC-412, and SC-415 on Polecat Bench based on the mutual presence of Arctocyon cf. mumak, Neoplagiaulax hunteri, and Ptilodus sp. C. None of these taxa ranges into Ti-4a in the Bighorn Basin, nor does Titanoides cf. major, which occurs slightly higher at SC-262 ( fig. 2) . The lower boundary of SC-263, as originally defined, extends considerably lower than SC-412 and SC-415 ( fig. 2) . Strata below SC-412 are poorly fossiliferous, however, and it appears that specimens from SC-263 are from a narrow stratigraphic interval approximately equivalent to SC-412 and SC-415. The absence of P. anceps at these localities precludes assignment to Ti-2. Only two specimens of Plesiadapis are known from this level, but UM 109619 (M 1 ; SC-412) has a mesostyle, a feature not known in P. anceps (see Gingerich, 1976, p. 26) . Both specimens are within the size range of P. rex and P. churchilli, but would be large for P. anceps (see Gingerich, 1976, p. 111, for measurements of P. anceps and P. rex, and Secord, ms, 2004, p. 344, for P. churchilli) . These teeth presumably are those of P. rex based on the associated fauna, but larger samples are needed for confident identification.
Divide Quarry is correlated to SC-261 on Polecat Bench based on the mutual presence of Lambertocyon and Titanoides gidleyi ( fig. 2) . Neither of these taxa is known from Ti-3. SC-261 is distinguished from Ti-4b faunas by the absence of Cyriacotherium argyreum, Phenacolemur, and Plesiadapis cf. fodinatus. Another indicator of Ti-4 equivalence for SC-261 is the abundance of Ptilodus kummae, which is known from five specimens that account for about one-third of the sample. Ptilodus kummae is a common species in Ti-4 faunas and accounts for 24 percent of the specimens at Divide Quarry (Secord, ms, 2004, pp. 502-503) . It is a rare species at Cedar Point Quarry, however, if present at all (Secord, ms, 2004, pp. 63-65) . A single tooth of Plesiadapis is known from SC-261 (UM 73388, M 2 ). It is near the mean size for P. churchilli from Divide Quarry (Secord, ms, 2004, p. 344) but is also within the size range of P. rex from Cedar Point Quarry (Gingerich, 1976, p. 111) . It presumably belongs to the former, but a larger sample is needed for confident identification.
Long Draw Quarry in the northern Bighorn Basin of Montana is the type locality for Plesiadapis churchilli, and it appears to be a correlative of Divide Quarry and Ti-4a. It has yielded a considerably smaller sample than Divide Quarry (at least 22 identified specimens, 11 species), however, and is an isolated locality well removed from the main sections (UTM: 12T, E 668500, N 4989200, NAD 1927). Faunal lists for Divide and Long Draw quarries were reported by Secord (ms, 2004, pp. 502-504 (Renne and others, 1998) using decay constants of Steiger and Jäger (1977) 
Appendix D Definitions and Descriptions of New and Revised Biozones
Descriptions or references to descriptions for species listed below, along with locality data, can be found in Secord (ms, 2004) for Tiffanian species, and Rose (1981) , Archibald and others (1987) , and Lofgren and others (2004) 2) . It should be noted that Fossil Hollow was previously placed at a considerably higher level above Princeton Quarry and considered to be in the P. simonsi zone (Ti-5a, Gingerich, 2001, fig. 2, p. 40 ). New measured sections clearly indicate that Fossil Hollow is well below Princeton Quarry, although the level depicted in figure 2 is based on long bed traces and could be off by several tens of meters.
The Phenacolemur zone is given a Ti-4 abbreviation because it contains P. churchilli and occupies what was previously the P. churchilli zone (fig. 3) . The most common species of Phenacolemur in the Phenacolemur zone is a new unnamed species known from several localities, including the representative ones given above (Secord, ms, 2004, pp. 259-263) . The new species co-occurs with P. pagei at Fossil Hollow based on specimens in the YPM collections. Sample sizes are much larger for Ti-5a than for Ti-4b, and many Ti-5a taxa probably will be found lower with better sampling in Ti-4b. Probathyopsis interval zone revised) .-The Probathyopsis zone is the interval between the first occurrences of Probathyopsis and Plesiadapis simonsi. The type area is on the west side of Polecat Bench. Princeton and Schaff quarries are representative faunas.
Probathyopsis was recently synonymized with Prodinoceras by Lucas and Schoch (1998) following Schoch and Lucas (1985) . We follow Thewissen and Gingerich (1987) , however, and recognize Probathyopsis as a valid genus for reasons cited therein (pp. 216-217 ).
An M 3 of Probathyopsis (YPM-PU 18350) in the YPM collections is labeled as coming from Fossil Hollow which, if true, would lower the base of the Probathyopsis zone ϳ95 m on WPB and make the composite Phenacolemur zone ϳ60 m thinner. Jepsen's 1937 unpublished field notes indicate that the tooth (in notes as ?Titanoides) is from the "same level as Fossil Hollow." Fossil Hollow is geographically removed from other localities in the area, however, and there are few fossiliferous exposures nearby. Additionally, the labels on some YPM-PU specimens collected about 100 meters higher in exposures below Schaff Quarry are marked as being from the "Fossil Hollow level." This is near the level of the first confident occurrences of Probathyopsis at WPB. Thus, the provenance of YPM-PU 18350 is in doubt. Probathyopsis is not known from any Ti-4 faunas outside the Bighorn Basin (Lofgren and others, 2004, table 3.2, Prodinoceras) and, while its range may be extended downward with additional collecting, it is improbable that it will be found as low as the P. churchilli zone.
Phenacodus vortmani is potentially useful for recognition of the Ti-4b‫گ‬Ti-5a boundary. It first occurs at approximately the same level as Probathyopsis ( fig. 9 ) and does not appear to occur in earlier faunas outside the Bighorn Basin (Thewissen, 1990 Gingerich, 2001 , for discussion of Meniscotherium zone). It replaces the Phenacodus-Ectocion acme zone of Rose (1980 Rose ( , 1981 and Gingerich (2001) . The first occurrence of Copecion is slightly below (ϳ15 m) the last appearance of P. cookei. For this reason previous reports included Copecion in Cf-2 (Thewissen, 1990, p. 66; Lofgren and others, 2004) . Several productive localities that were previously included in the P. cookei range zone (SC-19, SC-62, SC-117, Rose, 1981) *Part of a lineage with an evolutionary species known below (first occurrences) or above (last occurrences).
